In this work, an analysis of the annual performance of a parabolic trough concentrator has been accomplished. A numerical model was developed and built to study the annual performance of the parabolic trough collector's field at different locations in Egypt. The energy equations were solved using the Engineering Equation Solver EES software. The optical and thermal parameters of the concentrator were considered in the model. The numerical model results showed that temperature rise ranges from 90.5 to 221 °C and the outlet temperate ranges from 442 to 565 ºC at solar noon according to the season and the location. The operating period of the parabolic concentrator reaches its maximum value at summer where it ranges from 76.5 to 82 h/week. The present model was validated with the TRNSYS model. As a result, the presented model can be considered as a meaningful tool for developing the parabolic trough plant in Egypt.
Introduction
The trend towards the use of solar energy in electricity generation started to grow in recent decades. The solar concentrators especially the parabolic trough collectors (PTC) are an appropriate type of solar collectors to obtain high temperature that is required for electric generation in solar power plants. Several concentrator solar power plants CSP have been successfully operated in the range from 300 to 400 °C. The new CSP plants use the progress of selective surfaces, vacuum technology, manufacturing processes, and new materials to improve the efficiency of the solar concentrator and reduce the energy cost. The performance of parabolic trough collectors is greatly affected by its design, constructions, and material used. The structure of parabolic trough was developed to study the deflection of the structure and the optical properties under different wind load conditions [1] . Several parameters affect the parabolic trough collector and the optical efficiency such as the quality of the reflective mirrors, slope error, assembly of the collector components like the absorber tube alignment and structure with mirror supports.
Many of the published papers have focused on the numerical modeling of parabolic trough collector (PTC). Therefore, to recognize the work already done and published by other authors, and especially, to benefit from the already proposed modeling approaches, a literature review has been done and summarized in the following section. Back in 1976, Edenburn [2] developed a PTC performance model that used detailed 1-dimensional steady state heat transfer equations to different parts of the heat collector element by neglecting the thermal resistance of the envelope, as well as that of the absorber tube. Clark [3] identified the factors that affect the PTC performance, which include the reflectivity of the mirror, the parabola structure, tracking errors, incident angle, the absorptivity of the receiver tube, receiver tube misalignment, intercept factor and the heat losses from the receiver. Lippke [4] published a part-load model of a typical 30 MW SEGS (Solar Energy Generating Systems) plant, located at Kramer Junction, California, USA. A similar PTC solar collector field model was investigated by Jones et al. [5] . Patnode [6] published a comprehensive quasi-steady-state model of the SEGS VI plant. The model used a linear regression equation for the heat loss, based on the detailed work of Forristall [7] . Numerical studies for studying wind flow around solar collectors are rare. A turbulent model developed based on resolving the Reynolds averaged NavierStokes equations (RANS) to analyze the fluid flow and heat transfer around a parabolic trough solar collector from Shiraz solar power plant [8] . The recirculation regions around the collector were investigated for different configurations. Also, the Nusselt number around the receiver tube was calculated [9] . Rolim et al. [10] presented an analytical steady-state model for a PTC solar power plant, based on an analysis closed form solution for the non-linearity of the temperature profile the focus line of the parabolic trough concentrator, which was originally published by Fraidenraich et al. [9] . Bergmann et al. [11] presented a dynamic performance model for PTC plant using a so-called "time-series" method, with a constant time step size. The PTC loop, consisting of 6 solar collectors of 150 m length in series, was arranged in 6 sections, i.e. each modeled section corresponded to one collector. They used empirical correlation for the efficiency for each section. More detailed transient performance model was written by Spelling et al. [12] . They included the glass envelope of the HCE in their PTC model and solved the governing coupled partial differential equations numerically by applying an implicit formulation of the finite difference technique to ensure stability for time steps higher than 5 min. The thermal loss by radiation and convection of heat collecting element (HCE) and also called the receiver tube was calculated and investigated by a simulation program at a different mass flow rate and wind speed using the CFD code ANSYS fluid environment with the assumption of a uniform solar flux around the absorber tube [13] . Odeh et al. [14] have performed a numerical study to estimate the PTC performance for direct steam generation. The model has been based on the absorber tube wall temperature instead of fluid bulk temperature. The effect of the annular pressure between the absorber tube and the glass cover of the receiver tube on the tube performance was investigated by Ahmed [15] . The investigating included the amount of energy gained, the temperature rise of the heat transfer fluid (HTF), energy losses and efficiency. The purpose of this paper is studying numerically the thermal performance of a parabolic trough collector (PTC) field for a solar power plant at different locations in Egypt using the Engineering Equation Solver (EES) software. The effect of the meteorological parameters on the performance of the PTC field at different flow rates was investigated in this work. The monthly energy gained, temperature rise, outlet temperature and the operating period were calculated for different selected locations. The receiver tube has been divided into two parts, the first is the irradiated part that is subjected to the concentrated radiation reflected from the parabolic mirror and the second part is the non-irradiated part that is subjected to the direct incident radiation from the sun only. The energy and heat balance equations for the HTF and the absorber tube and the glass cover of the receiver tube were applied to each part. These equations were solved using the EES software. The results for the thermal performance of the PTC are presented for different seasons and locations in Egypt.
System Description
The solar concentrator field concentrates the solar radiation on a heat collecting element (HCE), called receiver tube, with parabolic trough mirror assemblies arranged in a linear system. The solar field has three loops, each loop consists of 6 parabolic trough collectors connected in series, the total length of each loop is 600 m and the total aperture area is 10348 m 2 for the three loops. The concentration ratio of the parabolic trough concentrator (parabolic width divided by the outer diameter of the stainless steel tube) is 98. The arrangement of the parabolic trough collectors in the solar field is illustrated in Fig. 1 . The specifications and dimensions of the solar field are tabulated in Table 1 . The parabolic trough collector tracks the sun by a solar tracking system with a North-South tracking axis. The mirror reflects the solar radiation to the focal line of the parabola where the receiver tube is located. This assembly leads to increasing the temperature of the receiver tube consequently the HTF temperature due to the heat transfer between the absorber tube and the HTF. The solar field is provided with a stratified storage tank. A centrifugal variable speed pump was used to move the HTF through the concentrator loops. Using molten salt (a mixture of 60% NaNO3 and 40% KNO3) as a HTF has many obvious advantages. With the molten salt, it may be possible to raise the outlet temperature from the solar loop up to 550 °C, thereby increasing the Rankin cycle efficiency of the power block steam turbine to be around 40 %. The molten salt flow rate ranges from 14 to 22 kg/s. 
Modeling of the PTC
The modeling of the PTC seeks to simulate the thermal performance of the collector at different operating parameters and different locations in Egypt. The thermal performance includes the incident solar energy, gained thermal energy, outlet temperature, the efficiency of the PTC, and the field efficiency. The modeling is based on the energy balance equation for the receiver tube components such as stainless steel absorber tube, the class cove, and the HTF. The energy model for the mirror and the receiver tube are shown in Fig. 2 . The energy balance includes the incident Direct Normal Irradiation DNI on the collector, the optical losses from both the collector and the receiver tube, thermal losses from the receiver tube, and heat energy gained into the HTF. For a short receiver tube (< 5 m) a one-dimensional energy balance gives reasonable results. All equations and relationships used for the reflector and the receiver tube models are described in the following section. The solar energy reflected from the glass mirror is absorbed by the receiver tube. The quantity of solar energy absorbed Qab by the HCE is obtained as follows
Where IAM, RoSh, and EnLf are the incident angle modifier, row shading factor, and the end losses factor, respectively. Parameters of the equation (1) are calculated in details through the numerical model. The energy balance equations for the HTF, which is molten salt (a mixture of 60 wt% NaNO3 and 40 wt % KNO3), stainless steel absorber tube and the glass cover for irradiated zones are as follows: 
The above heat balance equations for the steel tube and the glass cover are used for the non-irradiated zone. The Engineering Equation Solver EES software was used to solve the energy partial differential equation to calculate the temperature of the molten salt and the inner and outer temperature of the steel tube and the glass cover in the irradiated and non-irradiated zones.
The heat transfer coefficient between the receiver tube and the molten salt hc,ms is calculated based on the Nusselt number Nu, the hydraulic diameter of the tube Dh, and the thermal conductivity of the fluid k as presented in the following equations Where ρ is the density of the HTF, u is the velocity of the fluid inside the tube, and μ is the dynamic viscosity.
The selected locations in Egypt based on different latitude and climate so that four locations were selected. The four sites were selected as follows; one site in the north of Egypt (Borg Elarab) and two other sites in the middle of Egypt (Cairo, Asyut) and one site in the south (Aswan) the locations are shown in Fig. 3 . Figure 4 shows the monthly Direct Normal Irradiance (DNI) for the selected locations in Egypt during the months of the year. We can observe that the lowest monthly DNI was in Borg Elarab through the winter months where the monthly DNI range from 128 to179 KWh/m 2 from Jan. to Mar., respectively. While, the Cairo site comes to the lower level through the summer months where it's monthly DNI ranges from 186 to 213 KWh/m 2 from Apr. to Jun., respectively. The highest monthly DNI is found in two locations of the Upper Egypt, where the highest DNI was observed for Aswan through the winter months, where its monthly DNI ranges from 210 to 237 KWh/m 2 . While Asyut comes with the highest level of the monthly DNI in the summer months where it's monthly DNI ranges from 189 to 223 KWh/m 2 . We can also observe a variation in the monthly DNI for the different locations during the whole year. The variation percentages for the selected locations are 53.4, 36.2, 31.4 and 4.5 % for Borg Elarab, Cairo, Asyut, and Aswan, respectively.
Results and Discussion

Fig. 4. Monthly direct normal irradiance (DNI) for different locations in Egypt.
The monthly thermal energy gained from the parabolic trough collector field for the selected locations in Egypt was presented for one year as shown in Fig. 5 . We can observe a significant variation of the energy gained during the winter months and a smaller variation through the summer months. In the winter months, the difference in the energy gained between Aswan and Cairo sites ranges from 106.6 to 132.5 MWh for Jan. and Mar., respectively. In the summer months, this variation decays to a small value compared to the winter months, where it ranges from 53.2 to 82.8 MWh for May and June, respectively. From Fig. 5 we can observe also that the highest energy gained through all the year come from the Aswan and Asyut locations. While the lowest energy gained was observed in Borg Elarab and Cairo locations. Figure 6 presents the variation of the temperature rise of the HTF during a winter day for the selected regions. From the figure, it can be noticed that the temperature rise during a winter day varies from site to another where the highest temperature rise was observed in Asyut and ranged from 15 to 128 °C. While the temperature rise in Borg Elarab was the lowest one and ranged from 8 to 111 °C. These changes may be attributed to the variation in the solar irradiance and the For a summer day, the variation in the temperature rise among the selected regions can be neglected where difference doesn't exceed 4 °C at solar noon as shown in Fig. 7 . This result is due to the small variances of the incident solar irradiance, especially at solar noon, among the selected regions. From the figure, we can observe a higher temperature rise for all regions compared to the winter day where the value of the temperature rise reaches 211 ºC at solar noon where the maximum temperature rise is achieved two hours before and after the solar noon in the winter day as shown in Fig. 6 . From figure 7 we can conclude that there is no big difference in the thermal performance for the four selected locations in summer.
The annual performance of the selected regions is presented in Elarab. The annual efficiency for the selected regions is nearly the same where their values range from 59.5 to 60.1 %.
The effect of the HTF mass flow rate on the outlet temperature of the PTC for the selected locations is presented for a summer and a winter day in Figures 8 and 9 , respectively. The inlet molten salt temperature is set to 300 ºC for different flow rates and locations. Figure 8 presents the effect of the mass flow rate on the outlet temperature of the HTF at the selected locations on a summer day. From the figure, it can be observed that the lower outlet temperature of the HTF was in Cairo, where the outlet temperature ranges from 449 to 530 ºC at solar noon for mass flow rate ranges from 14 to 22 kg/s, respectively. The high outlet temperature of the HTF was observed in Asyut, where the outlet temperature ranges from 490 to 565 ºC at solar noon for the same flow rate range. Some disturbances occurred in the output temperature profile of Cairo due to some clouds, humidity, and atmospheric dust, which led to the reduction of solar radiation at different periods. Figure 9 presents the effect of the mass flow rate on the outlet temperature of the HTF at the selected locations on a winter day. From the figure, it can be observed that there is a decrease in the outlet temperature of the HTF in Borg Elarab site, where the outlet temperature ranges from 381 to 431 ºC around solar noon for mass flow rate ranges from 14 to 22 kg/s, respectively, due to the presences of clouds in this area at this time of year. The high outlet temperature of the HTF was observed in Aswan, where the outlet temperature ranges from 442 to 522 ºC at solar noon that can be attributed to the clear sky of Aswan in winter. The outlet temperature profile for Cairo has also some attenuation due to the presence of pollution, dust, and clouds in Cairo sky. The percentage increase in the outlet temperature for Aswan compared to Borg ElArab ranges from 16 to 21 % at a flow rate varied from 14 to 22 kg/s, respectively. The operating period for the parabolic trough concentrator is varied from season to another and from location to another. Figure 10 presents the operating period per week in the summer and winter for the different selected locations in Egypt. The operating period per week in summer was higher compared to winter for all selected locations and that can be attributed to the long day length in summer compared to winter. In the summer, it was observed that the longest operating period was in Borg Elarab and Aswan, where it reached about 82 h/week while the shortest operating period was observed in Cairo where it reached about 76.5 h/week. In the winter, the longest operating period was observed in Asyut and Aswan where it fluctuated around 60 h/week, while the shortest operating period was observed in Cairo and was 45 h/week.
For the validation of the PTC model, TRNSYS model was built to simulate the performance of the solar parabolic trough field. Comparison between the results of the EES program and the TRNSYS software was presented in Fig. 11 for the different selected locations. Figure 11 presents the calculated energy gained from the PTC by the present model solved by the EES software and the calculated values from the TRNSYS Model.
We can observe a significant compatibility between the result calculated from the EES program and the TRNSYS for all selected regions where the difference percentage between results from both programs doesn't exceed ± 5 % refer to the values calculated from the present model. 
Conclusion
This work presents a numerical model based on one dimension fluid flow. The EES software was used to solve energy equations of the receiver tube of the parabolic trough collector.
A new design of the PTC that uses the molten salt as a HTF was considered in the model to elevate the outlet temperature up to 550 ºC. For solar power plant based on PTC erected in Egypt, four selected sites were tested. From the simulation program, we can conclude that Aswan comes as the best site where the annual DNI incident on 10600 m2 of concentrator aperture are was 23.86 GWh, and thermal energy gained from the same site was 14.35 GWh, which account 7 % more than that gained from Borg ElArab site. The maximum temperature rise outlet temperature of the HTF was 211 and 565 ºC respectively. In the summer, the maximum operating period of the PTC field was 82 h/week in Borg Elarab. While in the winter, the maximum operating period was 61. 
